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SECTION  I.  INTRODUCTION 

Transparent  optical  elements  intended  for  use  in  high-peak  power  laser  sys- 
tems can  suffer  failure  under  irradiation  by  the  laser.  Due  primarily  to  mechan- 
ical and  material  Imperfections,  the  surfaces  of  the  transparent  elements  are  the 
most  susceptible  to  laser-induced  damage.  The  very  processes  which  are  intended 
to  produce  optical  quality  surfaces  may  contribute  to  the  failure  of  the  surfaces. 
Grinding  and  polishing  may  imbed  particulate  matter  into  the  surface,  which  ab- 
sorbs laser  radiation  and  leads  to  damage.  Polishing  by  conventional  means  can- 
not eliminate  microcracks  and  fissures  that  contribute  to  a lowering  of  the 
threshold  power  density  for  laser-induced  damage.  Other  polishing  and  finishing 
techniques  such  as  etching,  Ion  polishing,  bowl-feed  or  superpolishing,  and  flame 
polishing  do  appear  to  raise  the  damage  threshold.  However,  these  processes  are 
either  very  expensive,  time-consuming,  or  not  presently  controllable  to  the  point 
of  being  quantitative.  The  purpose  of  this  research  effort  was  to  determine 
whether  the  microcracks  and  fissures  present  on  the  surfaces  of  conventionally 
finished  optics  could  be  successfully  masked  by  a half-wavelength  thick  film  to 
such  an  extent  that  an  Increase  In  damage  threshold  over  a bare  surface  would 
accrue. 

To  test  this  conjecture  10  different  dielectric  materials  were  placed  in  half- 
wavelength thick  films  onto  transparent  substrates  consisting  of  four  different 
materials.  The  film/substrates  were  then  subjected  to  damaging  radiation  from  a 
TEMqo  mode  Nd+3  in  glass  laser  operating  at  1.06  um  wavelength  with  40  nanosecond 
pulse  duration.  The  results  were  compared  to  damage  testing  data  taken  on  the 
uncoated  substrate  materials. 

Sample  Preparation 

The  test  samples  for  this  study  required  surface  finishes  of  two  types: 

(1)  bare  surfaces  and  substrate  surfaces  for  film  depositions  with  the  lowest 
practical  surface  roughness  and  (2)  bare  surfaces  and  substrate  surfaces  for 
film  depositions  with  a controlled  range  of  surface  roughnesses.  The  latter 
category  was  designed  to  test  the  Influence  of  surface  roughness  on  the  laser- 
induced  damage  threshold  and  whether  thin-film  thresholds  are  affected  by  the 
surface  roughness  of  the  substrate.  Both  the  smooth  and  rough  surfaces  were 
created  by  variations  of  the  process  of  controlled  grinding. 
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The  effect  of  the  grinding  process  In  the  preparation  of  optical  surfaces  ex- 
tends below  the  surface.  A layer  of  sub-surface  disorder  in  the  form  of  micro- 
cracks  and  fissures  develops  when  a r.  optical  surface  Is  ground.  A commonly 
accepted  rule  in  the  optical  industry  is  that  subsurface  disorder  extends  to  a 
depth  roughly  three  times  the  diameter  of  the  grit  used  in  the  grinding  process 
(ref.  1).  Controlled  grinding  is  a technique  for  minimizing  the  subsurface  dis- 
order. The  controlled  grinding  process  used  to  obtain  the  "best  finish"  surface 
proceeds  as  follows:  A 30  pm  grit  is  used  to  rough  in  the  surface  finish.  Since 
this  process  Introduces  a subsurface  disorder  to  a depth  of  ^90  ym,  the  next  stage, 
employing  20  ym  grit,  proceeds  until  ^100  ym  of  the  material  Is  removed,  thus 
eliminating  the  disorderly  effect  of  the  30  ym  grit.  This  process  continues 
through  12,  5,  and  3 ym  diameter  alumina  grit,  each  stage  removing  material  to  a 
depth  about  three  times  the  diameter  of  the  previous  grit.  The  surface  is  then 
polished,  which  removes  about  10  ym  of  material  and  gives  the  final  finish.  The 

O 

final  roughness  values  varied  from  about  10  A rms  for  fused  silica  to  about  40  to 

O 

50  A for  sapphire  and  ZnS. 


The  roughness  samples  were  created  by  interrupting  the  polising  at  selected 

O 

total  polish  times.  Samples  in  the  300  A rms  range  were  polished  for  about  30 

O 

minutes.  Forty  minutes  of  polishing  time  gave  a 150  A rms  surface,  while  10  to 

O 0 

20  hours  gave  40  to  50  A rms,  and  the  best  finish  (less  than  20  A rms)  required 
40  hours  polishing  time. 

The  dielectric  films  were  deposited  by  one  of  three  frequently  employed  tech- 
niques: rf  sputtering,  electron  beam  heating,  and  thermal -evaporation.  A set  of 

MgF2  samples  were  prepared  by  each  of  the  three  deposition  techniques.  The  MgF2 
films  applied  to  substrates  on  which  the  substrate  roughness  was  varied  were  de- 
posited by  thermal  evaporation.  The  remainder  of  the  films  were  applied  by 
electron  beam  heating. 

Each  dielectric  film  was  specified  to  be  a half  wave  in  optical  thickness  at 
the  1.05  urn  wavelength  used  In  the  study.  This  parameter  was  monitored  by  ob- 
serving the  reflectance  of  the  film-substrate  system  as  the  film  was  being  ap- 
plied. For  films  whose  Index  Is  greater  than  the  substrate  index  a minimum  in 
reflectance  Is  obtained  when  a half  wave  optical  thickness  is  reached.  For  homo- 
geneous films  this  minimum  corresponds  to  the  reflectance  of  the  bare  substrate. 
The  half  wave  thickness  was  chosen  because  this  assured  that  the  electric  field 
at  the  substrate-film  interface  was  the  same  as  the  optical  electric  field  at 
the  film-air  Interface.  It  was  also  the  thickness  which  gave  the  least  variation 


V ^ -tv*. 
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In  the  electric  field  of  a standing  wave  pattern  for  slight  variations  in  the 
thickness.  For  films  whose  index  is  less  than  the  index  of  the  substrate,  a re- 
flectance maximum  is  obtained  when  a half  wave  optical  thickness  is  reached. 

Surface  Characterization 

One  of  the  prime  reasons  for  conducting  this  study  was  to  determine  those 
characteristics  of  surface  finish  and  film  deposition  which  materially  affect  the 
laser-induced  surface  threshold.  It  was  imperative,  therefore,  to  fully  charac- 
terize the  surfaces  of  both  the  uncoated  samples  and  the  thin-film  coatings. 

The  surfaces  were  measured  for  roughness  by  three  methods:  fringes  of  equal 

chromatic  order  (FECO),  total  Integrated  scatter  (TIS),  and  Talystep  depth  pro- 
filing. FECO  was  the  prime  Indicator  of  surface  roughness  while  the  total  inte- 
grated scatter  and  Talystep  were  used  only  as  auxiliary  measurements.  For  a flat 
surface  the  roughness  is  defined  as  the  root  mean  square  deviation  of  surface 
heights  from  the  average  surface.  Thus  on  a surface  with  a specified  rms  rough- 
ness surface,  features  as  large  as  twice  that  in  depth  are  not  uncommon. 

FECO  Interferometry  is  a technique  shown  schematically  in  figure  1.  Both  a 
reference  flat  and  the  surface  to  be  measured  are  partially  silvered.  The  sample 
and  flat  are  brought  to  within  a wavelength  or  so  of  each  other  and  parallel.  A 
portion  of  the  two  plates  is  imaged  by  lens  L2  onto  the  slit  of  a spectroscope. 

As  the  distance  between  the  flat  and  sample  varies  due  to  surface  roughness,  the 
spectroscope  passes  only  those  wavelengths  which  satisfy  2d  = mx  (m  is  an  integer). 
Since  m is  constant  along  any  one  fringe,  d/x  is  constant.  The  fringes,  referred 
to  as  fringes  of  equal  chromatic  order,  reveal  the  topographical  features  of  the 
surface  of  the  sample  imaged  on  the  slit  of  the  spectroscope  (refs.  2 and  3). 

Total  integrated  scatter,  from  a discussion  by  Porteus  (ref.  4),  is  a tech- 
nique which  relates  the  scatter  from  the  reflection  of  a laser  beam  incident  on 
a surface  to  the  surface  roughness.  The  sample  is  normally  located  tangent  to 
one  port  of  a hollow,  diffuse  reflecting  sphere.  Laser  light  enters  another  port 
and  the  nonspectral  reflected  light  enters  a detector  after  being  totally  inte- 
grated by  the  sphere  (figure  2).  Surface  roughness  is  given  by 

a = ^ J-in(  1 -TIS)  (!) 
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MIRROR  SPLITTER 


SAMPLE 


Figure  2.  Schematic  Representation  of  the  Total 
Integrated  Scatter  (TIS)  Method  for 
Determining  Surface  Roughness. 


where  A is  the  wavelength  of  the  test  laser  and  TIS  is  the  fraction  of  the  test 
beam  scattered  outside  the  prime  spectral  reflection.  The  technique  also  affords 
a method  for  determining  scatter  of  imperfections  in  thin  film  coatings. 

The  Talystep  device  uses  a weighted  stylus  and  electronic  amplification  of 
its  vertical  motion  to  topographically  scan  the  surface  of  the  sample.  For  hard 
films  it  can  also  be  used  to  mechanically  measure  the  physical  thickness  of  the. 

O 

film.  The  final  method  was  reliable  for  surfaces  with  values  of  a > ^50  - 75  A 
rms,  but  the  diameter  of  the  tip  of  the  stylus  precluded  the  measurement  of  very 
small  features  and  gave  uniformly  too  low  readings  on  the  smoother  samples.  The 
smallest  stylus  radius  was  1.0  ym.  To  obtain  an  rms  surface  roughness  by  Taly- 
; step,  a one-dimensional  scan  of  2 mm  in  length  is  obtained  at  several  representa- 

tive locations.  For  each  scan  of  the  topography  of  the  surface,  the  surface 
height  is  measured  from  a baseline  at  regular  intervals  to  determine  an  average 
surface  height.  The  deviation  of  the  surface  height  from  the  average  is  then 
measured  at  regular  intervals,  and  the  root  mean  square  deviation  is  calculated. 
It  is  this  deviation  which  is  termed  surface  roughness. 
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From  the  results  of  surface  roughness  measurements  performed  by  the  vendor, 
the  author,  and  the  Optical  Evaluation  Facility  at  the  Naval  Weapons  Center, 

China  Lake,  California,  the  striking  conclusion  was  the  lack  of  correlation  be- 
tween the  measurements.  An  example  might  prove  enlightening.  Sample  800-7169- 

O 

080  was  supplied  by  the  vendor  with  a roughness  of  42  A rms  as  determined  by  the 
most  accurate  technique,  FECO.  Accompanying  that  reading  was  the  total  inte- 

O 

grated  scatter  of  0.11%  which  indicates  an  equivalent  roughness  of  16.7  A rms. 

O 

The  same  sample  was  measured  at  China  Lake  by  TIS  at  16.5  A and  by  the  author  by 

O 

Talystep  as  27  A.  It  would  appear  that  the  state  of  the  art  in  surface  measure- 
ments still  allows  for  a great  deal  of  uncertainty  in  surface  roughness  determin- 
ations. Industry  sources  indicate  that  the  FECO  measurement  is  the  most  reliable, 
although  very  time  consuming  and  difficult  to  perform  and  analyze.  For  this 
reason  the  FECO  measurement  was  used  in  calculations  involving  surface  roughness. 


The  refractive  indices  of  the  bare  samples  and  films  were  measured  by  ellips- 
ometry.  Number  densities  and  nearest  neighbor  separations  were  calculated  or  ob- 
tained from  standard  references. 


Of  major  concern  in  the  study  of  the  thin  films  was  the  homogeneity  of  the 
film  throughout  Its  depth.  The  spectral  reflectivity  is  a reliable  indicator  of 
this  parameter.  A Carey  14  spectrophotometer  was  used  in  the  double  pass  reflec- 
tion mode  to  obtain  the  spectral  reflectivity  of  the  films.  Figure  3 is  the 
spectral  response  of  two  A/2  ThF^  and  Zr02  films.  These  two  films  are  examples 
of  the  excellence  of  a film  coater's  art  in  being  able  to  produce  homogeneous 
coatings.  Since  both  films  were  specified  as  half  wave  at  1.06  urn,  a perfect 
film  would  have  the  reflectance  of  the  substrate  at  1.06  pm.  Since  ThFp,  at  n * 
1.49,  matches  its  index  more  closely  with  the  fused  silica  substrate  index  at 
1.449  than  does  the  Zr02  at  n = 2.0,  the  reflectance  of  the  ThFH  film  versus 
wavelength  Is  not  very  different  from  the  substrate.  In  fact  the  maximum  re- 
flectance of  the  ThF4  film  on  Si 02  at  2.12  pm,  where  the  film  is  a quarter  wave- 
length thick,  Is  only  4.15%  compared  to  3.36%  for  the  substrate  while  for  the 
Zr02  film  the  maximum  is  22.3%  at  2.12  pm.  Conversely,  figure  4 reveals  the 
spectral  response  of  Li F and  MgF2.  These  films  display  a markedly  inhomogeneous 
character  with  an  index  apparently  increasing  outward  from  the  substrate.  Since 
they  both  have  refractive  indexes  less  than  that  of  the  substrate,  their  reflec- 
tance should  increase  toward  and  match  that  of  the  substrate  at  1.06  pm.  These 
two  films  along  with  BaF2  exhibited  the  most  inhomogeneity  in  this  respect.  The 
author  will  call  attention  to  this  fact  during  the  discussion  of  the  thin-film 
results. 
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Figure  4.  Reflection  Spectra  of  Two  Half-Wave  Inhomogeneous 
Films  Compared  to  the  Fused  Silica  Substrate. 

Reflectance  is  on  a Relative  Scale. 

To  appreciate  the  magnitude  and  nature  of  the  inhomogeneity,  a computer  pro- 
gram designed  by  Capt  John  Loomis  was  used  in  an  attempt  to  model  the  observed 
behavior  of  these  films.  The  program  was  designed  to  accept  up  to  50  film  layers 
of  varying  thickness,  absorptance,  and  refractive  index  and  compute  the  angular 
and  wavelength  dependence  of  the  reflectance.  The  parameters  used  included  the 
total  physical  thickness  of  the  film  as  measured  by  Talystep,  the  refractive  in- 
dex of  the  substrate,  and  the  measured  refractive  index  at  the  surface  of  the 
film.  The  Inhomogeneous  film  with  varying  index  was  discretized  into  a stack  of 
from  four  to  eight  films  with  refractive  index  and  thickness  the  variable  param- 
eters. It  was  found  that  a variation  in  the  refractive  index  of  about  7%  (1.28 
at  the  substrate  to  1.38  at  the  film  surface)  produced  a spectral  response  quite 
suggestive  of  the  measured  spectral  response.  One  result  has  been  reproduced  as 
figure  5,  which  should  be  compared  to  figure  4. 
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Figure  5.  Computed  Reflectance  Spectrum  of  a Four-Film, 

Half-Wave  Stack  With  Indexes  1.28,  1.32,  1.36, 
and  1.38  Increasing  Outward  From  a 1.45  Index 
Substrate. 

If  one  assumes  that  fused  silica  is  invariant,  independent  of  the  source,  a 
comparison  of  the  absorption  and  transmission  spectra  for  various  fused  silica 
blanks  will  quickly  dispel  that  notion.  While  the  major  portion  of  this  effort 
used  fused  silica  supplied  by  the  Amersil  Corporation  under  the  trade  name 
Optosil  I,  an  ancillary  study  Involved  fused  silica  substrates  supplied  by  a 
variety  of  manufacturers.  During  the  coating  process  absorption  spectra  are 
routinely  taken.  From  these  spectra  varying  amounts  of  hydroxyl  ion  were  identi- 
fied in  the  different  fused  silica  types.  This  observation  formed  the  basis  for 
an  unexpected  conclusion  which  at  first  seemed  to  be  anomalous  behavior.  This 
result  will  be  discussed  in  detail  later.  This  last  measurement  was  mentioned  to 
indicate  that  in  thin-fllm  coatings  it  is  not  at  all  entirely  obvious  what  depo- 
sition condition,  techniques  and  properties  of  films  lead  to  high  damage  thresh- 
old films. 

13 


is 


J 


ar 


SECTION  II 
EXPERIMENT 


In  the  experimental  phase  of  this  study  various  optical  samples  with  and  with- 
out film  coatings  were  subjected  to  1.06  urn  laser  radiation  from  a Nd+3  in  glass 

laser  controlled  to  operate  in  the  TEM  transverse  mode.  The  laser  used  was  a 

oo 

Compagnie  General  Electric  Model  VD640  which  has  normal  operating  characteristics 
of  35  nsec  pulse  width  and  up  to  500  joules  output.  A greatly  reduced  version  of 
this  system  was  used  to  produce  the  high  beam  quality  required  with  attendant 

characteristics  of  a 30  to  40  nsec  pulse  width  and  ^1  joule  output.  Of  the  seven 

stages  in  the  total  system,  only  the  oscillator  and  first  amplifier  were  retained. 
Each  consisted  of  16  mm  diameter  rods;  the  oscillator  being  300  mm  long  and  the 
amplifier  500  mm  long  . The  oscillator,  Q-switched  by  a Pockel's  cell,  was  con- 
strained to  the  TEMQ0  transverse  mode  using  an  intracavity  aperture  of  1.9  mm 
diameter  placed  between  the  oscillator  rod  and  output  mirror. 

The  oscillator  output  was  amplified  by  the  single  state  amplifier  to  a total 
output  of  380-410  mJ.  With  the  503.5  mm  focal  length  lens  used  in  this  experiment, 
the  laser  radiation  was  focused  to  a 147  ym  spot  size  to  the  e-2  power  points. 

The  resulting  optical  electric  field  was  6.7  MV/cm  in  air,  which  is  sufficient  to 

damage  the  surface  and  bulk  of  most  conventional  dielectrics  in  a 30  to  40  nsec 
pulse. 

The  remainder  of  the  equipment  was  used  for  diagnostics  and  parameterization. 

Figure  6 is  a schematic  diagram  of  the  optical  test  conditions.  The  laser 
beam  was  directed  down  an  optical  bench  with  the  aid  of  two  45°  - 100%  reflectors. 
These  reflectors  were  gimbal  mounted  to  facilitate  alignment  of  the  system.  The 
samples  were  held  in  a translating-rotatable  mount  approximately  12  meters  from 
the  beam  waist  of  the  oscillator. 

The  focusing  and  beam  attenuation  systems  were  mounted  on  a two-meter  lathe 
bed  optical  bench.  This  bench  was  rigidly  attached  to  a 4 inch  thick  honeycomb- 
backed  steel  plate  for  stability. 

The  focusing  lens  was  a carefully  selected  biconvex  fused  silica  lens  of  the 
highest  quality.  The  lens  chosen,  503.5  mm  focal  length,  was  tested  along  with  a 
couple  of  dozen  other  candidates  with  a Foucault  knife  edge  device.  The  chosen 
lens  alone  showed  excellent  sphericity. 


Figure  6.  Experimental  Arrangement, 
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The  laser  was  operated  at  constant  input  energy  in  order  to  maintain  the 
temporal  and  spatial  quality  of  the  output  beam.  The  energy  delivered  on  target 
was  controlled  by  attenuating  the  main  beam  with  5 mm  x 5 mm  non-saturable  Schott 
optical  filters.  These  filters  were  placed  in  the  beam  at  a 6°  angle  to  the  nor- 
mal to  prevent  regenerative  feedback.  Tnis  necessitated  using  the  filters  in 
sets  of  two  or  four  to  minimize  steering  of  the  laser  beam.  The  maximum  trans- 
mission needed  In  this  study  was  35%  and  the  minimum  was  4.5  x 10"2%.  The  set  of 
64  filters  provided  variation  between  these  ranges  in  steps  separated  in  total 
transmission  by  10%. 

The  3.8  cm  diameter  samples  were  held  in  a mount  with  six  degrees  of  freedom. 
The  samples  were  canted  5 degrees  from  the  axis  of  the  laser  beam  to  prevent  feed- 
: , back  into  the  laser.  Even  with  this  precaution,  when  high-transmission  pulses 

caused  dense,  bright  plasmas,  the  reflection  from  these  plasmas  was  enough  to 
generate  postlasing  in  the  conventional  mode,  and  a great  deal  of  care  was  taken 
to  Identify  and  prevent  this  situation  from  arising. 


In  a past  damage  symposium  (ref.  7),  it  was  noted  that  the  plasma  associated 
with  laser  damage  disrupted  the  surface  of  an  optical  sample  to  several  diameters 
of  the  damaging  beam.  And  indeed,  one  needs  only  condense  water  vapor  on  the 
surface  of  a damaged  sample  to  clearly  and  incontrovertibly  identify  each  damage 
site  and  the  surrounding  area  which  was  disrupted  by  the  plasma  (more  on  this  to 
follow).  To  confine  this  disrupting  influence  to  the  vicinity  of  each  separate 
damage  site,  a face-plate  aperture  mask  was  fabricated  and  installed  on  each 
sample  prior  to  testing.  The  mask  was  drilled  with  fifty-four  2.0  mm  diameter 
holes  to  allow  passage  of  the  damaging,  147  ym  diameter  laser  beam.  The  center 
1.25  cm  was  drilled  to  accommodate  a metallic  coating  used  in  the  characteriza- 
tion of  each  surface.  Each  2.0  mm  aperture  was  surrounded  by  an  annulus  of  cir- 
cuit board  layout  tape,  which,  when  pressed  onto  the  face  of  the  sample,  pre- 
vented leakage  of  the  plasma  and  leakage  of  ultraviolet  radiation  to  surrounding 
damage  sites.  Examination  of  damaged  samples  confirmed  the  confinement. 

A spot  size  of  approximately  150  ym  in  diameter  was  chosen  to  obviate  erron- 
eous results  due  to  the  spot  size  dependence  of  laser-induced  damage  observed  by 
} DeShazer,  et  al.  (ref.  8).  In  their  study  of  laser-induced  damage  to  thin  films, 

( they  noted  that  Increasing  the  spot  size  decreased  the  damage  threshold  until  a 


spot  size  greater  than  about  150  ym  was  reached.  Above  ^150  ym  diameter,  there 
was  no  spot  size  dependence.  The  result  was  explained  on  the  basis  of  an 


Increased  probability  for  hitting  a defect  when  using  a larger  spot  size.  Diag- 
nostics equipment  were  mounted  rigidly  either  to  the  optical  bench,  steel  plate, 
or  granite  rails.  The  diagnostic  tools  were  of  two  categories:  active  and  para- 
metric. 

Active  Diagnostics 

The  energy  and  temporal  shape  of  the  laser  pulse  was  constantly  monitored  by 
two  blplanar  photodiodes  with  S-l  photocathodes  and  by  a calibrated  pyroelectric 
energy  meter.  The  temporal  characteristics  of  the  oscillator  pulse  were  moni- 
tored by  photodiode  PD-1,  shown  in  figure  6.  The  output  of  this  photodiode  was 
displayed  on  a Tektronix  Model  519  oscilloscope  and,  through  the  first  3000 
shots,  was  recorded  for  each  event  by  a Polaroid  scope  camera.  Due  to  the  minute 
variation  in  this  pulse  shape,  during  the  last  2800  shots  only  every  fifth  shot 
was  so  recorded. 

The  energy  incident  on  target  was  monitored  by  a pyroelectric  detector  placed 
after  the  beam  attenuating  filters  and  before  the  focusing  lens.  It  has  a dy- 
namic range  from  1 joule  full  scale  to  20  microjoules  full  scale.  Readings  as 
low  as  5%  of  full  scale  were  reliable  to  ±4%  of  full  scale.  Through  beam  split- 
ting, attenuation  at  the  detector  head,  and  reflection  losses,  the  device  re- 
corded 0.51%  of  the  energy  on  target.  On  the  two  samples  which  exhibited  the 
lowest  threshold  for  damage,  it  was  necessary  to  change  this  ratio  In  order  to 
record  these  lower  energy  pulses.  The  detector,  a Laser  Precision  model  Rk  3230, 
was  compared  to  a separate  Rk  3230,  and  they  were  found  to  track  to  a precision  of 
±4%.  The  detector  was  calibrated  against  two  separate  carbon  cone  thermal  calor- 
imeters (TRG  Model  117)  which  have  an  accuracy  of  ±10%  compared  to  a silver 
sphere  calorimeter.  The  rest  of  the  active  diagnostics  were  used  to  define  the 
occurrence  of  damage. 

For  the  purpose  of  this  study  we  have  defined  damage  as  an  irreversible 
change  indicated  by  one  of  three  detection  techniques:  (1)  visible  plasma  forma- 

tion, (2)  laser  Induced  scattering,  and  (3)  breath-fogging. 

Two  observers  were  positioned  behind  1.06  vm  blocking  filters  at  positions  A 
and  B shown  on  figure  6,  They  actively  observed  each  event  for  the  appearance 
of  the  bright  plasma  which  usually  accompanies  the  occurrence  of  laser-induced 
damage.  In  about  98%  of  the  events,  this  observation  was  sufficient  to  posi- 
tively identify  damage.  For  the  two  low  index  materials,  ZnS  and  ZnSe,  there 
were  several  events  that,  even  in  darkened  room  lights,  failed  to  produce  a 
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visible  plasma  during  a damaging  event.  In  these  cases  a general  brightening  was 
usually  observed  on  the  surface  by  one  or  both  observers.  Because  of  the  quali- 
tative nature  of  this  visual  observation  of  damage,  it  was  reinforced  by  the  two 
other  techniques  although  in  the  great  majority  of  tests  the  detection  of  a plasma 
proved  effective  as  a damage  indicator. 

The  appearance  of  observable  scatter  from  a He-Ne  laser  incident  on  the  damage 
site  was  used  as  a secondary  indicator.  The  forward  scatter  of  He-Ne  #1  at  posi- 
tion B was  used,  as  well  as  the  scatter  of  He-Ne  #2  observed  at  position  A. 

Since  the  latter  was  focused  on  the  front  surface  of  the  sample,  any  change  in 
the  pattern  viewed  on  a screen  placed  behind  position  A afforded  a method  for 
distinguishing  between  front  surface  damage,  back  surface  damage,  and  low  lying 
(l.e.,  near  the  front  surface)  bulk  damage  sites.  The  diffraction  pattern  from 
front  surface  damage  was  quite  distinctive.  Although  this  technique  proved  use- 
ful in  many  cases,  the  final  determination  of  surface  damage  was  made  by  the  most 
sensitive  method,  l.e.,  breath-fogging,  which  is  described  next. 

The  final  technique,  which  proved  the  most  sensitive,  was  used  only  after  the 
sample  was  removed  from  the  holder.  It  has  been  noted  (ref.  7)  that  condensing 
water  vapor  on  the  damaged  surface  of  an  optical  sample  clearly  indicated  the  ex- 
tent of  the  damage  site.  It  has  also  been  noted  (ref.  7)  and  mentioned  above 
that  the  plasma  associated  with  laser-induced  damage  alters  the  surface  surround- 
ing the  damage  site.  During  the  course  of  this  study,  these  two  observations 
were  tied  together.  Upon  receipt  of  samples  that  had  been  ion  polished,  a' clean- 
ing procedure  was  instigated  which  included  a one  step  rinsing  in  water.  On  the 
ion  polished  samples,  the  water  would  not  wet  the  surface  but  beaded  up  and  was 
removed  readily  by  agitation.  The  phenomenon,  whatever  it  is,  must  account  for 
the  efficacy  of  the  breath-fogging  technique.  Plasmas  associated  with  damaging 
laser  irradiation,  in  effect,  cause  ion  bombardment  of  the  surface  in  the  vicin- 
ity of  the  interaction  zone.  When  one  blows  his  breath  across  the  sample,  the 
first  places  that  the  condensed  water  vapor  escapes  from  are  the  plasma  polished 
damage  sites.  When  viewed  in  oblique  white  light,  the  damage  sites  clearly  show 
up.  Whenever  there  was  a doubt  about  whether  a site  had  sustained  damage,  the 
fogging  technique  was  employed.  Care  must  be  taken  when  employing  this  technique 
to  insure  that  no  damage  testing  is  attempted  subsequent  to  fogging  the  sample. 


j The  surface  threshold  is  markedly  reduced  after  the  surface  has  been  fogged.  It 

I proved  to  be  the  most  sensitive  of  the  techniques.  The  alteration  of  the  surface 
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by  the  plasma  appears  to  be  permanent  since  samples  damaged  more  than  a year  ago 
still  reveal  their  sites  by  breath-fogging. 
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SECTION  III 
RESULTS 

Internal  consistency  is  lacking  In  the  many  published  reports  on  laser- 
induced  damage.  One  of  the  major  causes  is  the  many  ways  in  which  the  raw  data 
collected  by  tne  investigators  is  reduced  to  the  final  form.  To  obviate  the  pos- 
sibility that  this  report  will  contain  irreproducible  results,  the  collection  and 
transformation  of  the  raw  data  into  final  form  will  now  be  discussed. 

Raw  Data 

For  this  study  the  variables  of  interest  included  laser  eneray,  laser  pulse 
duration,  focal  spot  size,  and  whether  damage  occurred  on  a given  shot.  The  first 
and  last  of  these  have  been  discussed  above  under  active  diagnostics  and  will  not 
be  rediscussed  here  except  to  note  that  on  each  irradiation  either  a "damage"  or  a 
"no  damage"  was  recorded  along  with  the  total  energy  incident  upon  the  target. 

The  focal  spot  size  was  measured  using  the  technique  described  under  the  heading 
parameterization.  This  parameter  was  rechecked  periodically  throughout  the  study 
and  was  found  consistent  to  within  ±3.5%.  The  temporal  shape  of  the  laser  pulse 
was  recorded  on  a fast-sweep  oscilloscope*  and  the  pulse  duration  was  taken  as  the 
time  separation  between  the  trace  of  half  the  maximum  deflection. 

Data  Reduction:  The  energy  threshold 

A method  for  determining  the  energy  which,  for  a given  sample,  can  be  re- 
ported as  the  energy  threshold  was  developed.  It  is  a method  which  does  not  rely 
on  subjective  judgement,  and  thus  it  must  remove  one  of  the  largest  uncertainties 
In  experiment  work.  Figure  7 illustrates  the  method  used  in  determining  energy 
threshold.  Each  shot  is  represented  by  an  energy  and  a +1  or  -1  corresponding  to 
damage  or  no  damage,  respectively.  The  highest  energy  event  which  did  not  cause 
damage  Is  then  connected  with  a line  to  the  lowest  energy  event  which  did  cause 
damage,  and  the  energy  at  which  the  line  crosses  the  zero  axis  is  defined  to  be 
the  energy  threshold.  This  method  removes  subjective  judgement  from  the  report 
of  the  damage  threshold.  By  effectively  averaging  the  highest  no-damage  and  the 
lowest  damage  the  effect  of  either  taken  singly  is  moderated.  There  are  those 
who  use  a similar  method  but  report  only  the  highest  energy  which  did  not  cause 
damage  as  the  threshold,  but  this  is  much  more  sensitive  to  the  unusual  end-point 
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Figure  7.  Method  Used  to  Determine  Energy  Threshold  for  Damage 
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than  Is  the  averaging  method  espoused  here.  The  number  of  shots  which  one  would 
need  to  take  In  order  to  use  only  the  highest  no-damage  would  have  to  be  many 
times  the  25  shots  on  each  sample  used  in  this  study. 

Data  Reduction:  The  electric  field  threshold 

In  this  report  the  threshold  values  which  are  listed  are  the  optical  electric 
field  thresholds.  The  average  electric  field  is  related  to  the  average  power 
density  which,  for  a gauss i an  temporal  pulse,  is  given  by 


where  E is  total  energy,  tp  Is  the  full  pulse  width  at  half  maximum  intensity,  and 
the  area  of  the  focal  spot  was  taken  as  that  lying  within  a radius  at  which  the 
intensity  fell  to  half  the  maximum  intensity.  For  this  study  the  half-power  point 
had  a diameter  of  104  urn.  Although  the  optical  electric  field  is  reported,  it  was 
the  energy  threshold  which  was  experimentally  determined.  The  electric  field  was 
then  obtained  using  the  average  pulse  width  (measured  for  the  particular  sample) 
to  calculate  the  average  power  density  from  equation  (2)  and  the  field  from  the 
Poyntlng  vector.  The  pulse  length  variation  was  ±5%.  Shots  which  had  overly  long 
pulse  widths  were  discounted  and  not  included  in  the  data  reduction.  Less  than  2% 
of  the  total  shots  were  retaken  because  of  temporal  pulse  width  variation.  Varia- 
tion of  the  pulse  duration  usually  indicated  a slight  misalignment.  Realignment 
brought  the  pulse  duration  back  to  normal. 

From  the  continuity  of  the  tangential  electric  field,  the  expression 


_ 2n 


1.4 


gives  the  field  at  the  surface  of  a dielectric  with  refractive  index  n.  This  also 
is  the  field  at  the  surface  of  a non-lossy  dielectric  film  placed  on  the  surface 
In  integral  multiples  of  a half  wavelength  optical  thickness.  Except  in  the  case 
in  which  a film  has  a lower  refractive  index  than  the  substrate  it  also  repre- 
sents the  peak  electric  field  in  half-wave  films  such  as  tested  in  this  study.  It 
is  this  calculated  field  which  is  reported  as  the  threshold  values  in  this  report. 
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Data  Reduction:  Accuracy  of  results 

The  measured  energy  has  an  uncertainty  of  ±7%  due  to  the  4%  uncertainty  in 
the  pyroelectric  detector  and  the  ±5.5%  uncertainty  in  the  calorimeter  used  to 
calibrate  the  pyroelectric  detector.  The  average  uncertainty  in  threshold  energy 
was  ±19%.  With  a pulse  width  uncertainty  of  5%  and  an  uncertainty  in  the  focal 
spot  diameter  of  3.5%,  the  electric  field  was  known  for  a given  shot  to  ±9.5%. 
Folding  in  the  19%  for  the  threshold  energy  results  in  a total  uncertainty  in  the 
threshold  electric  field  of  ±13.4%. 

Results  of  the  Current  Study:  Thin  films 

Surfaces  of  optical  materials  do  not  exhibit  damage  thresholds  as  high  as 
their  bulk  values.  To  the  author's  knowledge  there  has  been  only  one  report  which 
claimed  that  the  surface  and  bulk  thresholds  of  a material  were  measured  to  be  the 
same  (ref.  9).  It  was  shown  (ref.  10)  that  clean  optical  surfaces  exhibited 
higher  damage  thresholds  than  do  dirty  surfaces.  In  fact  a piece  of  dust  on  an 
optical  surface  can  absorb  laser  radiation,  and  the  resulting  temperature  rise  is 
sufficient  to  cause  localized  damage.  It  was  also  shown  (ref.  11)  that  particular 
polishing  compounds  containing  material  which  is  highly  absorbent  at  the  laser 
wavelength  will  lower  the  damage  threshold.  Specifically,  jeweler's  rouge  (iron 
oxide)  lowers  the  surface  threshold  for  1.06  pm  laser  wavelength  even  though  the 
Iron  oxide  is  not  present  in  sufficient  quantity  to  be  indicated  by  Auger  spec- 
troscopy. However,  even  If  these  two  problems  of  dirt  and  particulate  inclusions 
are  scrupulously  avoided,  there  still  remains  the  problem  of  surface  roughness. 

A major  portion  of  an  effort  parallel  to  the  one  reported  here  (ref.  12)  was  con- 
cerned with  the  evaluation  of  surface  roughness  as  it  affects  surface  thresholds 
to  laser-induced  damage.  In  that  study  a series  of  fused  silica  samples  with 
root  mean  square  surface  roughness  varying  over  nearly  two  decades  was  prepared 
In  triplicate.  One  of  each  roughness  was  left  uncoated,  one  of  each  roughness 
was  coated  with  a half  wavelength  thickness  of  Si02,  and  one  of  each  roughness 
was  coated  with  a half  wavelength  thickness  of  MgF2.  The  results  of  that  study 
indicated  a damage  behavior  given  by 


o = constant 
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for  the  three  experiments  where  a is  the  root  mean  square  surface  roughness. 

The  value  of  m was  0.61  for  the  uncoated  samples,  0.455  for  the  MgF2  coated  sam- 
ples, and  0.42  for  the  Si02  coated  samples.  In  order  that  the  intrinsic 
strength  of  several  optical  surfaces  can  be  compared,  it  is  necessary  to  elim- 
inate the  confusing  effects  of  varying  surface  roughness.  This  can  be  done  by 
using  equation  (4)  to  compare  the  threshold  breakdown  fields  at  a standard 
roughness.  To  do  so,  let  a.  be  a standard  surface  roughness  for  a particular 

K A.  I 

set  of  samples.  Then  if  is  the  surface  roughness  of  the  itn  sample  in  the 
set,  the  threshold  field  for  sample  i,  if  it  were  to  have  the  standard  roughness 
ak,  is  given  by 


(5) 


In  the  discussion  that  follows  m is  taken  as  0.5,  the  average  of  the  experi- 
mentally determined  values.  During  the  course  of  the  study  (ref.  13),  it  was  de- 
termined that  for  1.06  urn  radiation  with  40  nsec  pulse  duration  an  equation 
which  adequately  predicts  the  threshold  for  bulk  laser  induced  damage  is  given 
by 


£ _ 9.05  x 103 

(6, 

where  is  the  average  inter-atomic  spacing  in  the  material  and  n is  the  refrac- 
tive index.  Because  of  the  dependence  of  threshold  field  on  roughness  given  by 
equation  (4),  this  expression  can  be  used  to  predict  threshold  fields  for  sur- 
face damage  simply  by  replacing  os  by  a,  the  root  mean  square  surface  roughness. 
The  comparison  of  thin-film  thresholds  with  the  resulting  expression  then  re- 
veals how  nearly  ideal  the  material  in  thin-film  form  behaves.  Table  1 is  a 
compilation  of  the  damage  threshold  for  five  half-wavelength  thick  films.  The 
experimental ly  observed  threshold  fields  are  compared  to  the  threshold  fields 
predicted  for  bare  surfaces  of  the  same  material  with  a surface  roughness  the 
same  as  that  of  the  thin  film.  The  final  column  is  the  ratio  of  the  thin-film 
threshold  to  the  predicted  bare-surface  threshold. 
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* Table  1. 

THIN-FILM  THRESHOLD  VS.  PREDICTED  BARE-SURFACE  THRESHOLD 


9.05  x 103 


Material 

Index 

£ 

Eth(MV/cm) 

Va  (n2  -1 ) 

Ratio 

LiF 

1.38 

12.34 

0.55 

2.85 

0.18 

MgF2 

1.377 

17.08 

0.87 

2.44 

0.36 

Si  02 

1.449 

17.4 

0.89 

1.97 

0.45 

A1203 

1.63/1.75 

15.9 

0.44 

1.09 

0.40 

ZnSe 

2.40 

31.5 

0.115 

0.34 

0.338 

Here  the  roughness  values  are  inferred  from  the  scatter  in  the  films. 

The  fact  that  a material  is  in  film  form  usually  relegates  its  threshold  to 
a value  below  that  of  a bare  surface  of  the  same  material.  Films  suffer  from 
problems  in  adhesion,  different  mechanical  and  crystallographic  properties  from 
the  bulk  material,  inclusions,  residual  stress  increased  and  absorption,  and 
varying  degrees  of  inhomogeneity.  Table  2 is  a compilation  of  the  ratio  of  thin 
film  to  bare  surface  thresholds  observed  during  this  investigation.  Both  the 
thin-film  and  surface  thresholds  have  been  corrected  for  roughness  to  an  equiva- 

O 

lent  13.5  A rms  surface  according  to  equation  (5). 

Table  2. 

RATIO  OF  THIN-FILM  TO  BARE-SURFACE  THRESHOLD 


Material 

Bare  Surface  Threshold 
(MV/ cm) 

Film  Threshold 
(MV/cm) 

Ratio 

Si02  on  FS 

2.09 

0.96 

0.459 

LiF  on  FS 

3.09 

0.49 

0.159 

MgF2  on  FS 

2.78 

0.98 

0.35 

AT -0 3 on  Sapphire 

1.09 

0.47 

0.43 

ZnSe  on  ZnSe 

0.142 

0.176 

1.26 
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The  inhomogeneous  films  of  Li F and  MgF2  exhibit  the  lowest  ratios.  The  ZnSe  film 
is  interesting  in  that  it  has  a higher  threshold  than  the  bare  ZnSe  surface.  This 
result  is  not  completely  unexpected  due  to  the  difficulty  in  producing  clear,  un- 
banded, homogeneous  bulk  ZnSe  (ref.  14).  Even  though  the  first  thought  would  be 
to  never  place  a dielectric  coating  on  a material,  since  films  exhibit  lower 
thresholds  than  uncoated  surfaces,  there  are  good  reasons  for  doing  so.  An  anti- 
reflective  coating  can  consist  of  a single  material,  a quarter  wavelength  thick 
with  index  na,  placed  on  a surface  with  refractive  index  nfa  in  which  nfl  = ^fn^". 

Thus  Si02  with  index  1.449  would  make  a quarter-wave  antireflective  coating  for  a 
material  with  index  2.1.  A typical  threshold  for  a material  with  n = 2.1  is  about 

O 

0.7  MV/cm  for  a 12.5  A rms  surface  finish.  Thus,  Si 02  with  an  experimental  thin- 
film  threshold  of  0.96  MV/cm  could  be  successfully  used  as  an  antireflective  coat- 
ing and  may  in  fact  increase  the  damage  threshold  of  the  system  since  the  maximum 
field  will  be  at  the  air-film  interface.  The  same  comments  hold  of  course  for  any 
two  materials  in  the  proper  ratio  although  many  antireflective  coatings  are  placed 
on  materials  with  such  low  index  that  a suitable  material  is  not  available  with 
the  proper  index  to  make  a quarter  wave  antireflective  coating.  In  such  cases 
multilayer  antireflective  coatings  are  used.  To  show  that  the  weakest  layer  in  a 
multilayer  coating  will  fail  when  the  electric  field  reaches  Eth’  a series  of 
multilayer  films  was  subjected  to  laser  damage. 

Two  types  of  film  stacks  were  tested:  alternating  even-numbered  half-wave 

layers  of  Zr02  and  Si 02  and  alternating  odd-numbered  half-wave  layers  of  Zr02  and 
Si 02 . The  even-numbered  series  consisted  of  2,  6,  and  10  layers  with  the  Zr02 
outermost.  The  odc-numbered  series  consisted  of  3,  7,  11,  and  15  layers;  each 
having  Zr02  at  the  inner  (i.e.,  on  the  fused  silica  substrate)  and  outer  layers. 
Table  3 is  a compilation  of  the  data  gathered  on  these  film  stacks.  Here  g de- 
notes the  substrate,  H the  high  index  film  (Zr02),  and  L the  low  index  film  (Si02). 
In  support  of  the  field  viewpoint  of  laser  induced  damage,  it  is  the  field  in  the 
Zr02  which  is  the  most  nearly  constant.  The  threshold  field  is  0.58  MV/cm  ±10.4% 
while  the  threshold  energy  is  4.64  mJ  ±49%  and  the  incident  optical  field  is  0.699 
MV/cm  ±21.6%. 

In  an  attempt  to  discover  the  best  method  of  film  deposition,  MgF2  films  were 
placed  on  fused  silica  substrates  by  radio  frequency  sputtering,  electron  beam 
heating,  and  thermal  evaporation  techniques.  The  resultant  threshold  fields  are 
given  in  table  4.  At  best  the  results  are  inconclusive  . The  variables  involved, 
both  those  known  and  those  unsuspected,  are  not  well  understood.  The  technique 
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THRESHOLD  OF  FILM  STACKS 


Design 

Threshold  Energy 
(mJ) 

g(LH) 

9.7 

g(LH) 3 

4.53 

g(LH) 5 

3.6 

gH(LH) 

3.17 

gH(LH)3 

3.5 

gH(LH)5 

3.78 

gH(LH)7 

4.22 

Incident  Field  Threshold  Field 
(MV/cm)  (MV/cm) 


1.03 

0.53 

0.70 

0.62 

0.63 

0.60 

0.59 

0.48 

0.62 

0.58 

0.64 

0.61 

0.68 

0.66 

Table  4. 

THRESHOLDS  FOR  MgF2  FILMS  VS.  DEPOSITION  TECHNIQUE 


Technique 

Threshold  Electric  Field 
(MV/cm) 

Electron  Gun 

0.737 

Thermal  Evaporation 

0.797 

R-F  Sputter 

0.899 

which  works  well  for  one  material  will  not  necessarily  produce  a good  film  with 
another  material . 

The  final  result  to  be  discussed  in  thin  films  was  due  to  a bit  of  serendipity. 
A set  of  thin  film  samples  of  various  materials  had  been  prepared  by  electron  beam 
heating  with  the  angle  of  incidence  of  the  coating  material  as  the  variable.  When 
the  data  were  analyzed,  they  made  no  sense.  True,  there  were  wide  variations  in 
surface  thresholds,  but  there  was  not  a clear  trend  with  angle  of  incidence.  The 
surface  roughnesses  of  the  substrates  were  checked  but  proved  inadequate  to  re- 
solve the  discrepancies.  However,  while  checking  the  absorption  spectra,  which 
are  routinely  run  on  each  coating  as  quality  control  measure,  an  absorption  peak 
of  1.405  urn  was  found  to  vary  in  direct  or  inverse  proportions  with  the  damage 
threshold,  depending  on  the  film  material.  A check  was  made  which  indicated  that 
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the  fused  silica  substrate  had  not  all  been  supplied  to  the  coating  company  by 
the  same  vendor.  In  fact  the  absorption  peak  was  found  to  correspond  to  OH-  ab- 
sorption and  was  in  direct  proportion  to  the  values  of  0H~  concentration  quoted 
in  the  vendors'  literature  (ref.  5).  The  data  presented  in  Table  5 summarize  the 

Table  5. 

DAMAGE  THRESHOLDS  FOR  X/2  FILMS  VS.  0H~ 

CONCENTRATION  IN  SUBSTRATE 

Threshold  Field  % T @ 1.4  urn  Angle  of  Vapor  Incidence 
Material  (MV/cm)  (percent)  (deg)  


A1  2^3 

0.408 

90 

20.3 

A1203 

0.391 

81 

29.3 

A1 20  3 

0.315 

90 

42.0 

Si02 

1.24 

83 

24.96 

Si02 

1.16 

85 

20.3 

Si02 

0.813 

92.5 

42 

Si  02 

0.681 

93 

29.3 

Si02 

0.564 

94 

18.55 

MgF  2 

0.61 

95 

20.3 

MgF  2 

0.50 

85 

18.55 

MgF2 

0.50 

85 

24.96 

MgF  2 

0.50 

86 

29.3 

MgF2 

0.50 

86 

42.0 

Zr02 

0.198 

79 

20.3 

Zr02 

0.252 

80 

42.0 

Zr02 

0.251 

85 

24.96 

Zr02 

0.197 

86 

29.3 

Zr02 

0.292 

87 

18.55 

28 
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experimental  results.  The  results  are  quite  interesting,  especially  in  the  Si02 
films;  in  that  material,  the  threshold  field  varies  directly  with  OH-  concentra- 
tion in  the  substrate.  This  may  be  because  Si02  goes  onto  a substrate  not  fully 
oxidized  in  SiO  form.  The  additional  oxidation  by  the  OH-  of  the  substrate  im- 
proves the  film  (ref.  5).  Conversely  in  the  MgF2  films,  the  additional  oxidation 
by  higher  OH-  concentration  (seen  by  the  lower  transmission  at  1.4  um  and  2.23  ym) 
causes  the  MgF2  to  deposit  at  least  near  the  surface  as  MgO  interspersed  with  MgF2 
(ref.  5).  The  trend  is  suggested  in  A1203  films  for  improved  films  by  additional 
oxidation,  and  no  clear  relationship  is  evidenced  by  the  Zr02  films.  A definitive 
experiment  with  a controlled  set  of  samples  is  obviously  called  for  by  these  pre- 
liminary results. 

Finally,  to  test  whether  the  effects  of  substrate  roughness  could  be  masked  by 
placing  a thin-film  coating  on  the  surface,  a set  of  Si 02  and  MgF2  films  were  pro- 
duced with  substrate  roughness  as  the  variable.  The  experimentally  determined 
values  for  the  samples  over-coated  with  half-wave  thicknesses  of  Si 02  are  listed 
in  table  6.  Here  the  roughness  values  were  measured  on  the  uncoated  surface  prior 

Table  6. 

THRESHOLD  VS.  ROUGHNESS  FOR  THE 
Si02-0VERC0ATED  SAMPLES 


ct(A) 

Eth(MV/cm) 

13.75 

0.89 

42 

0.66 

82 

0.42 

243 

0.29 

335 

0.24 

< to  coating.  The  equation  of  fit  is  a0-42  Eth  = 10.5  ±15%.  It  is  seen  that  al- 

though the  threshold  fields  are  much  lower  than  for  the  bare  samples  the  relation- 
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Table  7. 


THRESHOLD  VS.  ROUGHNESS  FOR  THE 
MgF2-OVERCOATED  SAMPLES 

q(A) 

Eth(MV/cm) 

13.75 

0.64 

45 

0.34 

82 

0.26 

142 

0.22 
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SECTION  IV 
CONCLUSIONS 

The  research  reported  here  can  be  summarized  in  four  major  conclusions: 

1.  In  general,  thin  films  exhibit  lower  damage  threshold  than  bare  surfaces 
of  the  same  material.  The  exception,  ZnSe,  is  an  important  material  for  10.6  ym 
wavelength  applications  and  as  such  deserves  further  consideration  as  to  why  it 
is  "stronger"  in  thin-film  form  than  in  uncoated  form.  The  reasons  for  the 
lowered  damage  threshold  for  films  may  include  problems  with  adhesion,  lack  of 
homogeneity,  peculiar  crystallographic  structure,  inclusions,  film  stress,  and 
increased  absorption. 

2.  There  is  a systematic  and  calculable  variation  of  damage  threshold  as  a 
function  of  material  type.  The  predictable  variation,  given  by  equation  (6), 
allows  one  to  determine  when  optimum  performance  for  a thin-film  has  been 
reached. 

3.  An  identification  has  been  made  of  other  factors  which  control  damage 
resistance  of  thin  films.  In  particular  the'  deposition  technique  used  has  some 
influence  on  the  damage  threshold.  To  a greater  extent  the  free  hydroxyl  con- 
tent in  the  substrate  controls  the  damage  threshold  of  certain  films.  Prelim- 
inary results  indicate  that  a high  OH-  concentration  may  produce  more  damage  re- 
sistance films  of  materials  such  as  Si02  and  A1203.  Conversely,  such  materials 
as  MgF2  and  ThF4,  which  are  adversely  affected  by  water  vapor,  will  probably 
exhibit  lower  damage  resistance  with  increasing  OH-  concentration  in  the  sub- 
strate. Thus,  a material  such  as  Cer-Vit®,  which  has  no  free  OH-,  would  prob- 
ably make  a poor  substrate  for  oxide  films  but  a good  substrate  for  fluorides. 

4.  Finally,  the  most  important  conclusion  is  the  antithesis  of  what  this 
study  was  designed  to  prove.  The  substrate  surface  roughness  is  an  all  per- 
vasive influence.  It  is  not  possible  to  quote  meaningful  surface  damage  thresh- 
olds unless  the  surface  roughness  is  known.  The  inverse  dependence  of  surface 
threshold  on  the  square  root  of  the  roughness  holds  for  thin  films  applied  onto 
the  surface.  The  defects  of  the  surface  of  a substrate  are  not  masked  by  a thin 
film  applied  to  the  substrate.  Nor  does  it  appear  that  improved  surface  thresh- 
old can  be  achieved  by  applying  thicker  films.  The  linear  absorption  in  thicker 
films  would  probably  decrease  the  damage  threshold  even  if  the  substrate  defects 
could  be  masked. 
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